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a b s t r a c t
The Drosophila respiratory system consists of two connected organs, the tracheae and the spiracles.
Together they ensure the efﬁcient delivery of air-borne oxygen to all tissues. The posterior spiracles
consist internally of the spiracular chamber, an invaginated tube with ﬁltering properties that connects
the main tracheal branch to the environment, and externally of the stigmatophore, an extensible
epidermal structure that covers the spiracular chamber. The primordia of both components are ﬁrst
speciﬁed in the plane of the epidermis and subsequently the spiracular chamber is internalized through
the process of invagination accompanied by apical cell constriction. It has become clear that invagination
processes do not always or only rely on apical constriction. We show here that in mutants for the src-like
kinase Btk29A spiracle cells constrict apically but do not complete invagination, giving rise to shorter
spiracular chambers. This defect can be rescued by using different GAL4 drivers to express Btk29A
throughout the ectoderm, in cells of posterior segments only, or in the stigmatophore pointing to a non
cell-autonomous role for Btk29A. Our analysis suggests that complete invagination of the spiracular
chamber requires Btk29A-dependent planar cell rearrangements of adjacent non-invaginating cells of
the stigmatophore. These results highlight the complex physical interactions that take place among
organ components during morphogenesis, which contribute to their ﬁnal form and function.
& 2014 Elsevier Inc. All rights reserved.
Introduction
While the needs for oxygen supply to the tissues of the small
and relatively inactive Drosophila embryo can be met by simple
diffusion of the gas dissolved in the hemolymph, in the larva and
adult a dedicated respiratory system optimizes delivery of air-
borne oxygen to all tissues (Manning and Krasnow, 1993). In this
organ system, the tracheae are the main air conduits and consist of
a highly branched network of epithelial tubes ﬁlled with air, while
the spiracles connect the tracheal network to the environment,
minimize desiccation and prevent debris and liquid from entering
and obstructing the airways (Castelli-Gair Hombría et al., 2009;
Manning and Krasnow, 1993). The respiratory network is built
during embryogenesis from ten bilateral pairs of metameric tracheal
placodes and two pairs of spiracle placodes (anterior and posterior).
These primordia are speciﬁed in the plane of the epidermis but they
are soon internalized. Through invagination and, in the tracheae,
subsequent migration and cell-shape changes, all these building units
come together to form a network of tubes, while concomitantly
secondary and tertiary tubules of smaller diameter branch off the
primary tracheal tubes (Beitel and Krasnow, 2000; Ghabrial et al.,
2003; Samakovlis et al., 1996). The lumen of the airways initially lacks
any specialized lining and is ﬁlled with ﬂuid. As hatching of the larva
approaches and the respiratory system matures, a specialized cuti-
cular matrix is deposited in the lumen: in the trachea it becomes
organized in a characteristic solenoid supra-molecular structure
granting insulation and ﬂexibility to the long and thin respiratory
tubes, while internalized cells of the posterior spiracles produce the
ﬁlzkörper, an elaborated chitinous ﬁltering unit (Hu and Castelli-Gair,
1999; Manning and Krasnow,1993; Matusek et al., 2006). Solutes and
ﬂuid are removed from the tracheal lumen and replaced with gas
before hatching. In the larva, ambient air ﬂows into the tracheae
through the spiracles (Tsarouhas et al., 2007).
The posterior spiracles, the only functional spiracles in early
larvae, consist of an internal tubular unit that connects with the
main tracheal branch, named the spiracular chamber, and an
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extensible epidermal structure that surrounds it, the stigmatophore.
During embryonic development, the precursors of the spiracular
chamber (expressing the transcription factors Empty spiracles
(Ems) and Cut) start to invaginate shortly after the posterior-most
tracheal placode in the A8 abdominal segments (Hu and Castelli-
Gair, 1999). As invagination progresses, cells of the stigmatophore
(expressing the transcription factors Spalt and Grain) rearrange in
the plane of the epidermis, extending over the underlying spira-
cular chamber and surrounding its opening, the stigma (Brown and
Castelli-Gair Hombria, 2000; Hu and Castelli-Gair, 1999). The
transcription factors encoded by trachealess (trh) and ventral-
veinless (vvl) (for the trachea) and AbdominalB (AbdB) (for the
spiracles) sit at the top of the two distinct genetic networks steering
the morphogenetic programs of the two organs (Wilk et al., 1996;
Isaac and Andrews, 1996; Anderson et al., 1995; de Celis et al., 1995;
Jones and McGinnis, 1993; Sanchez-Herrero et al., 1985; reviewed in
Affolter and Shilo, 2000; Castelli-Gair Hombría et al., 2009). In both
primordia invagination is driven by apical cell constriction and by
changes in cell shape: in the trachea, downstream of Trh, rhomboid-
dependent EGF-receptor signaling triggers the initial phase of
invagination by controlling the expression of the Rho-GTPase
activating protein (RhoGAP) Crossveinless-c (Cv-c), which in turn
modulates acto-myosin contractility leading to apical constriction
(Brodu and Casanova, 2006); in the spiracles, AbdB controls
RhoGAPs and Rho-guanidine exchange factors (RhoGEFs) via its
primary targets ems and unpaired (upd) and similarly orchestrates
acto-myosin contractility, apical constriction and invagination of the
Cut-positive cells of the spiracular chamber (Lovegrove et al., 2006;
Simões et al., 2006).
Placode invagination is one of the key morphogenetic pro-
cesses that contribute to the formation of sensory organs, such as
the vertebrate eye, and internal organs, such as the circulatory and
respiratory tubular networks. The function of many organ systems
depends on the correct implementation of the invagination
program, its timing and its coordination with other morphogenetic
events (Sawyer et al., 2010). At the cellular level, apical constric-
tion driven by acto-myosin contraction is one of the most wide-
spread mechanisms contributing to invagination. This mechanism
is often accompanied by additional cellular programs that will
ensure robust invagination, (discussed for example in Llimargas
and Casanova, 2010). Kondo and Hayashi (2013) recently reported
that invagination of tracheal placodes in the Drosophila embryo is
accelerated by mitotic rounding of cells at the center of the
placode. In another example, cells of the salivary glands of the
ﬂy embryo must undergo endoreplication (i.e. successive rounds of
DNA replication without cell division) only after they have inva-
ginated; if endoreplication starts earlier, salivary gland morpho-
genesis is disrupted (Chandrasekaran and Beckendorf, 2005). In
this system, the kinase Btk29A contributes to morphogenesis at
two levels: ﬁrst, it partially controls actin cytoskeleton remodeling
in the invaginating cells; second, it indirectly controls the timing of
endoreplication, so that it does not begin until cells have under-
gone apical constriction and started invagination (Chandrasekaran
and Beckendorf, 2005). Here we show that Btk29A is also required
for the complete invagination of the spiracular chamber.
Btk29A (also known as Tec29A) is the only member of the Tec-
kinase family in Drosophila. It resembles non-receptor tyrosine
kinases of the src family – with conserved SH2, SH3 and kinase
domains – but it carries additionally a plekstrin homology (PH)
domain and the characteristic Tec domain (Supplementary Fig. S1;
Guarnieri et al., 1998; Roulier et al., 1998). Btk29A is expressed in
many tissues and developmental stages in the ﬂy. Its function as a
cytoskeleton regulator has been extensively studied in the ovaries
(Guarnieri et al., 1998; Lu et al., 2004; Roulier et al., 1998). Btk29A
also plays a role in embryonic dorsal closure, cellularization, ante-
rior–posterior patterning, salivary gland morphogenesis and tracheal
cuticle patterning (Beckett and Baylies, 2006; Chandrasekaran and
Beckendorf, 2005; Li et al., 2000; Matusek et al., 2006; Tateno et al.,
2000; Thomas and Wieschaus, 2004). In the adult, Btk29Amutations
affect male genitalia (Baba et al., 1999) and germ cell proliferation in
ovaries (Hamada-Kawaguchi et al., 2014). In the latter case, Btk29A
appears to act downstream of Wnt4 in the niche, phosphorylating
Armadillo/β-catenin and thus up-regulating its transcriptional activ-
ity in somatic escort cells; this in turn terminates proliferation of the
germ cells. Vertebrate Tec kinases have mostly been studied in the
context of the immune system (Hussain et al., 2011; Smith et al.,
2001; Takesono et al., 2002), though they are active in other tissues,
including epithelia (Hamm-Alvarez et al., 2001).
We identiﬁed novel phenotypes in Btk29A mutants affecting
the maturation of the respiratory system. In the fully developed
mutant embryo, spiracles display shorter ﬁlzkörper with an
abnormal shape. Invagination of the spiracular chamber is incom-
plete in the mutant. Our results suggest that, in contrast to what
has been proposed for the salivary glands, Btk29A is required non
cell-autonomously for the invagination of the spiracular chamber.
Materials and methods
Mutant ﬂy strains
We identiﬁed a second hit mutation in the rolling-blackout3 stock
(rbo3, from Kendal Broadie)(Huang et al., 2004), characterized by
abnormal morphogenesis of posterior spiracles and lack of tracheal
gas-ﬁlling at the end of embryogenesis. Such phenotypes were not
observed in rbo2 mutant embryos. We genetically mapped this
mutation to the 29A region: we crossed rbo3 to the stocks of the
deﬁciency kit for the second chromosome from the Bloomington
Drosophila Stock Center (BDSC); we looked for non-complementation
of the lethal phenotype ﬁrstly and non-complementation of the
characteristic airways phenotypes secondly. Lethality was not com-
plemented by eight stocks (BL179, BL1888, BL2583, BL3079, BL3138,
BL4960, BL6999 and BL8836), while only the two stocks uncovering
the 29A region (BL179 and BL8836) failed to complement the airways
phenotypes too. We then mapped the mutation of interest speciﬁcally
to the Btk29A gene, upon crossing to several mutants mapped in and
around 29A. The Btk29A mutant alleles used for further analysis
include Btk29Ak00206 (BL10469), Btk29AEP2167 (BL17235) and Df(2L)
BSC23 (BL9710) carrying a small deletion at the Btk29A locus (28F1-
29A3) from Bloomington and Btk29Ak05610 (DGRC102398) from the
Drosophila Genetic Resource Center (Figs. S1 and S2). Importantly,
even though Btk29A alleles show some residual expression (Figs. S1C,
2A), spiracle morphogenesis and air-ﬁlling are disrupted to the same
degree in embryos homozygous for Df235 and all Btk29A alleles
(including trans-heterozygous and trans-heterozygous with the deﬁ-
ciency), with a penetrance of 100% as observed in stage 17 embryos at
the light microscope or as assessed at earlier (11–16) stages by
antibody staining for several markers and confocal microscopy.
Incidentally, the distinct lethal allele uncovered in rbo3 by the other
six deﬁciency stocks mentioned above is apparently due to mutations
in the lgl locus, a not rare feature of second chromosome stocks as
reported by Roegiers et al. (2009).
Other mutant stocks used in this work: AbdbM1 (Casanova et al.,
1986); Df(2L)5sal salr (de Celis et al., 1996); ems9H (Dalton et al.,
1989); grn7L (Brown and Castelli-Gair Hombria, 2000); grhΒ37(Bray
and Kafatos, 1991); cut145 (Johnson and Judd, 1979); Df(1)os1A
(Brown et al., 2003); trh1, trh2, trh8 (Isaac and Andrew, 1996).
Transgenic ﬂy strains
yw; ubi-DE-Cad-GFP (Oda and Tsukita, 2001).
SqhAX3; ubi-Sqh-GFP (Royou et al., 2002).
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UAS-PKNG58AeGFP (Simões et al., 2006).
grhD4-lacZ (described in Hu and Castelli-Gair, 1999).
UAS-actin5CmRFP (BL24779) (Liu et al., 2008).
yw; UAS-EGFP-6xMyc-nlsGo3 / TM6B (UAS-GFP-NLS) (Wang
and Struhl, 2005).
AbdB-GAL4 (de Navas et al., 2006).
69B-GAL4 (Brand and Perrimon, 1993).
sal-GAL4 (alias 459.2GAL4 as described in Brown and Castelli-
Gair Hombria, 2000).
ems-GAL4 (Merabet et al., 2002).
btl-GAL4 (Shiga et al., 1996).
For our rescue experiments we used UAS-Btk29A-RC (short
isoform; see below); we also generated a UAS-Btk29A-RB con-
struct (long isoform) (Fig. S1).
Molecular biology and transgenic lines
To generate the cDNA sequence of the Btk29A-RC, we purchased
the cDNA for Btk29A-RB from Drosophila Genomics Resource Center
(LD16208, https://dgrc.cgb.indiana.edu/product/View?product=5076)
and replaced 713bp at the 50end with the sequence:
gcggccgccaacatgattccctgcgtgagtttggccgaaacgagcgtcattggcaacat-
gaaggagcgggtcaaggaaatgaaggtgttcggctgccgactcaacttctggaacca-
cattggtcacagcctgaccagttccaaaaccaaagaaggcaacggcagttctccagccca-
gaattc (182 bp, synthesized by Biomatik).
The synthetic sequence was inserted as a NotI/EcoRI fragment
in the pBS SK- (LD16208). The synthetic Btk29A-RC cDNAwas then
cloned into the NotI/XhoI sites of pUAST. The Btk29A-RB cDNA
from the original DGRC plasmid was cloned into the NotI/XhoI
sites of pUAST. Transgenic ﬂies were generated using standard
procedures.
Live imaging
Embryos expressing DE-CadGFP ubiquitously (ubi-DE-CadGFP)
or GFP-NLS in the stigmatophore (sal-GAL4 driving UAS-GFP-NLS)
were hand dechorionated and stuck on a coverslip with heptane-
glue, or properly oriented in a MatTek petri dish. The embryos were
monitored for up to 11 h with time intervals of 2–4 min using the
Leica TCS SP8 or BioRad Radiance 2100 confocal microscopes.
In situ hybridization
Whole-embryo in situ hybridization was carried out using
standard methods (Lehmann and Tautz, 1994). Three different
antisense digoxigenin-labelled RNA probes (Fig. S2) were gener-
ated by transcription of the reverse strands of:
i) The whole cDNA Btk29A-RB (All probe).
ii) 1105 bp of the 50 end of Btk29A-RB cDNA (containing 719 bp of
the CDS) corresponding to part of the N-terminus of the Long
Isoform (Long probe).
iii) 170 bp at the 50end of Btk29A-RC CDS corresponding to part of
the N-terminus of the Short Isoform (short probe).
We also generated the corresponding three sense control probes.
Btk29A polyclonal antibody and immunohistochemistry
To generate Btk29A polyclonal antibody, we cloned a selected
fragment of the Btk29A-RB CDS (http://ﬂybase.org/reports/FBtr-
0079616.html) into the expression vector pATH11 (Koerner et al.,
1991) in frame with the TrpE gene. The selected fragment encodes
for part of the TH, the SH3 and the SH2 domains of the Btk29A
protein (Fig. S1) and is thus common to both long and short
isoforms.
Selected Btk29A protein fragment: NGSSPAQNSTRSISPNSSTT-
NSQFSLQHNSSGSLGGGVGGGLGGGGSLGLGGGGGGGGSCTPTSLQPQ
SSLTTFKQSPTLLNGNGTLLDANMPGGIPTPGTPNSKAKDNSHFVKLVV-
ALYPFKAIEGGDLSLEKNAEYEVIDDSQEHWWKVKDALGNVGYIPSNY-
VKPKALLGLERYEWYVGDMSRQRAESLLKQGDKEGCFVVRKSSTKGLY
TLSLHTKVPQSHVKHYHIKQNARCEYYLSEKHCCETIPDLINYHRHNSG-
GLACRL.
The polypeptide was puriﬁed from bacterial inclusion bodies
according to a protocol developed by N. Patel (U.C.Berkeley) and
suggested to us by M. Averof, IMBB, Heraklion (details available on
request) and used for female rat immunization. The speciﬁcity of
the antibody was tested with Western blot analysis and staining
of Df235 homozygous embryos (Figs. S1B and S2A respectively).
Pre-immune serum did not give any speciﬁc staining. The antibody
detects both Btk29A isoforms. The working concentration of
Btk29A rat polyclonal antibody is 1:400 for immunostaining and
1:4000 for WB.
For immunohistochemistry, embryos were dechorionated in
50% bleach solution, ﬁxed in a 1:1 mix of 4% formaldehyde in PBS:
heptane for 20 min at room temperature and devitellinized with
methanol. For phalloidin staining hand-devitellinization was per-
formed to avoid the use of methanol.
The following primary antibodies were used:
Rat polyclonal anti-Btk29A 1:400 (this work).
Mouse monoclonal anti-Btk29A 1:100 (Chandrasekaran and
Beckendorf, 2005).
Rabbit anti-Spalt 1:200 (de Celis et al., 1999).
Mouse anti-CyclinE (8B10) 1:20 (Richardson et al., 1995).
Rabbit anti-Grain 1:400 and rat anti-Grain 1:400 (Garces and
Thor, 2006).
Rabbit anti-GFP 1:10,000 (purchased from Minotech).
Rabbit anti-beta-galactosidase 1:5000 (purchased from
Cappel).
Rabbit anti-NeurexinIV 1:1000 (Βaumgartner et al., 1996).
Mouse anti-Gliotactin 1:100 (Auld et al., 1995).
Rabbit anti-Myosin Heavy Chain (Zipper) 1:1000 (Jordan and
Karess, 1997).
Rat anti-Trh 1:1000 (Bradley and Andrew, 2001).
Rabbit anti-Trh 1:10 (Brodu and Casanova, 2006).
From the Developmental Studies Hybridoma Bank:
Mouse anti-Coracle (C615.16) 1:100.
Mouse anti-Discs-large (4F3) 1:50.
Mouse anti-Cut (2B10) 1:100.
Mouse anti-Crumbs (Cq4) 1:5.
Mouse anti-alpha-Spectrin (3A9, 1:50).
Mouse anti-Armadillo (N2 7A1, 1:50).
Rat anti-DE-Cadherin (DCAD2, 1:20).
Rhodamine phalloidin (purchased from Invitrogen) was used to
highlight actin ﬁlaments at 1:500, following the manufacturer's
instructions.
The following secondary antibodies were used: anti-rat Alexa-
555 and Alexa-633, anti-mouse Alexa-405, Alexa-488, Alexa-555
and Alexa-647 and anti-rabbit Alexa-488 and CF405M Biotium.
Leica TCS SP8 or SP2 confocal microscopes were used for the
imaging.
Western blot analysis
The WB analysis was performed according to standard proto-
cols. Polyclonal anti-Btk29A was used at a ﬁnal concentration of
1:4000 and mouse anti-alpha-tubulin (Molecular probes, 1:200)
was used as a loading control.
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Results
Defects in the respiratory system of Btk29A mutants
We identiﬁed a mutation in the Btk29A locus affecting the
development and maturation of the ﬂy respiratory system. Homo-
zygous mutant embryos are characterized by abnormally shaped
posterior spiracles and lack of tracheal gas-ﬁlling at the end of
embryogenesis. The same phenotypes were observed in three pub-
lished Btk29A homozygous mutant alleles, Btk29Ak00206, Btk29Ak05610
and Btk29AEP2167 (referred to here as Btk29A206, Btk29A5610 and,
Btk29AEP), as well as in embryos homozygous for the small chromo-
somal deﬁciency Df(2R)BSC235, which removes 23 known and pre-
dicted genes around the Btk29A locus (referred to here as Df235), and
their trans-heterozygous combinations (Fig. 1A and data not shown;
Supplementary Fig. S1; see Materials and methods). We therefore
continued our characterization of the novel phenotypes in the
respiratory system using these well-characterized alleles of Btk29A.
Of note, even if the three Btk29A alleles show some residual expression
(Figs. S1C, 2A), development and maturation of the respiratory system
are disrupted to the same degree in embryos homozygous for Df235
and all Btk29A alleles (see Materials and methods).
Bright ﬁeld microscopy shows that the spiracular chamber
forms in Btk29A mutants; it appears to be continuous with the
dorsal trunk (DT) of the trachea and to elaborate the ﬁlzkörper, but
its length and shape are abnormal (Fig. 1A; see also Fig. 5B and
S2C). The stigmatophore and spiracular hairs appear normal at this
resolution. To examine this phenotype further, we stained stage 16
mutant embryos with antibodies for DE-Cadherin (DE-Cad), an
adherens junction marker used to visualize cell proﬁles, and for a
set of transcription factors expressed in subsets of spiracle cells
(Hu and Castelli-Gair, 1999): Cut, expressed in the spiracular
chamber, and Spalt (Sal), expressed in the stigmatophore (sal-
GAL4, UAS-NLS-GFP was also used to visualize Spalt-expressing
cells in some samples); in addition, we made use of ems-GAL4 to
reveal the pattern of expression of Ems in the spiracle. Loss of
Btk29A function does not affect the speciﬁcation of the placodes
for posterior spiracles and their subdivision into spiracular cham-
ber and stigmatophore primordia: the expression of Cut, Spalt, and
Ems is not affected, nor is the ratio of Cutþ versus Spaltþ cells
(Fig. 1B; and data not shown; see also Figs. 4 and 6A). Instead, in
Btk29Amutant spiracles not all of the Cut-positive cells invaginate;
furthermore the chamber lumen (clearly identiﬁable upon staining
with anti DE-Cadherin antibody or in embryos expressing a
Cadherin-GFP chimaera) is shorter and displaced laterally with
respect to the Cut-positive cells (Fig. 1B; see also Figs. 4B and 5).
We wondered whether the spiracular defects of Btk29A loss of
function could be secondary to defective morphogenesis of the
trachea, since mutations in the closely related Src42 and Src64
kinases affect tracheal development and result in a shorter DT
(Forster and Luschnig, 2012; Nelson et al., 2012). Contrary to those
mutants, the length of tracheal DTs of Btk29A mutants is not
different from that of controls. We measured the length of the DT
at the level of metamere 8 (fusion cell to fusion cell): it is 32.92þ/
0.70 μm for wild type embryos (N¼30) and 30.38þ/1.43 μm
for Btk29A mutants (N¼23) (P40.05); for comparison, we mea-
sured 25.76þ/0.92 μm in Src42 mutants (N¼7) (different from
WT, Po0.001) (data not shown; see also Nelson et al., 2012).
In conclusion, loss of function in the gene encoding the Tec kinase
Btk29A does not affect the speciﬁcation of posterior spiracles and their
components, but it leads to defects in their morphogenesis.
Btk29A expression in the respiratory system
To understand the basis of Btk29A function in the respiratory
system, we reassessed Btk29A mRNA and protein expression,
focusing on the developing trachea and posterior spiracles. Differ-
entially spliced Btk29A transcripts are translated into a long iso-
form that includes the N-terminal PH domain and a shorter one
that does not (Supplementary Fig. S1). Using probes that are
speciﬁc for each isoform, we determined that only Btk29A short
mRNA isoforms are expressed in the respiratory system in the
early stages of its development (Supplementary Fig. S1;
Chandrasekaran and Beckendorf, 2005). We then used a published
monoclonal antibody (Vincent et al., 1989) and a newly generated
polyclonal antibody for Btk29A to document the expression of
Btk29A proteins in the trachea and spiracles (see Materials and
methods and Supplementary Fig. S1 for details on the rat poly-
clonal antibody). The Btk29A signal is particularly strong in
segment A8 in the region where the spiracle primordium is
speciﬁed, starting from stage 11: Cut-positive cells express high
levels of Btk29A, the Spalt-positive stigmatophore cells express
lower levels of Btk29A, and the surrounding epidermal cells
express even lower levels (Fig. 2A). Btk29A continues to be
expressed in both the stigmatophore (Spaltþ) and, at higher
levels, in the spiracular chamber (marked with Cutþ; ems-GAL4,
UAS-EGFP; grhD4-lacZ, highlighting a subset of cells in the
spiracular chamber (Hu and Castelli-Gair, 1999; Maurel-Zaffran
et al., 2010) until stage 16, when the spiracle is fully formed
(Fig. 2A and B). The staining appears to be primarily associated
with cell membranes. Double labeling with apical markers DE-
Cadherin and Crumbs shows that Btk29A is enriched apically in
ectoderm-derived tissues, including the developing respiratory
system (Fig. 2C).
The characteristic higher expression level of Btk29A in the
spiracles suggests that Btk29A is part of the spiracle developmental
program that lies downstream of AbdB. Consistent with this
hypothesis, we found that in AbdB-M1 homozygous embryos the
spiracles are not speciﬁed and the dorsal epidermis in A8
expresses low levels of Btk29A, undistinguishable from those
detected in the equivalent position in other segments (Fig. 3B).
Conversely, Btk29A is expressed at higher than normal levels in
the epidermis following ectopic expression of Abd-B with the 69-
GAL4 driver. As for the whole spiracle developmental program,
ectopic high levels of Btk29A are limited to the dorsal region of
thoracic and abdominal segments, in patches of cells where the
ectopic spiracles are induced and that also express Cut and Spalt
(Fig. 3A) (Castelli-Gair Hombría et al., 2009; Castelli-Gair et al.,
1994). Finally, the characteristic Btk29A expression in spiracles is
not altered in mutants for the AbdB targets ems, cut, spalt, grain
(grn), grainyhead (grh), trh and upd (Fig. 3B and Supplementary Fig.
S2B). In conclusion, Btk29A expression is modulated by AbdB in
the spiracles, perhaps directly.
Spiracular chamber cells show normal cell polarity, apical
constriction and cell shape changes, but fail to complete invagination
in Btk29A mutants
Btk29A is strongly expressed in Cut-positive cells of the
developing spiracular chamber as they invaginate and its loss
results in defective chamber morphogenesis. Therefore we asked if
and how mutations in Btk29A affect the cells of the spiracle inner
structure. As highlighted in the introduction, it is believed that the
invagination of the spiracular chamber is primarily driven by
apical constriction and changes in the shape of invaginating cells
(reviewed in Castelli-Gair Hombría et al., 2009). Apical constric-
tion and cell-shape changes depend on membrane dynamics that
in turn rely on the correct speciﬁcation of the cell apical–basal
polarity. Stainings of Btk29A mutant embryos with polarity mar-
kers including alpha-Spectrin (a-Spec), Coracle (Cor), Discs-large
(Dlg), NeurexinIV (NrxIV), Gliotactin (Gli), DE-Cad, Armadillo
(Arm) and Crumbs (Crb) do not indicate any defect in the
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apical–basal polarity of spiracular chamber cells (Figs. 1B and 4
and data not shown).
We then monitored the progression of apical constriction in
Btk29A mutant embryos stained with the apical markers Crb (data
not shown) and DE-Cad (Figs. 1 and 4). We cannot detect a
signiﬁcant difference from wild type. Cut-positive cells clearly
constrict their apical circumference at the level of adherens
junctions; this applies also to cells that fail to invaginate in the
mutant. In addition, we followed the process of spiracle invagina-
tion and spiracular chamber formation in live E-Cadherin-GFP
expressing embryos (Oda and Tsukita, 2001), in mutants and in
controls. We can clearly identify the cells of the spiracular
chamber primordium as they start to apically constrict in both
genotypes. In Btk29A mutant spiracles invagination occurs, but a
small group of apically constricted cells fail to invaginate and
remain at the epidermal surface at the end of germ-band retrac-
tion (Fig. 1C – Movies M1 and 2). These data clearly indicate
that cells committed to form the spiracular chamber undergo
apical constriction in Btk29A mutants, but then fail to complete
invagination.
Fig. 1. Btk29A is required for the morphogenesis of posterior spiracles. (A) Morphology of the posterior spiracles in stage 16 WT and Btk29A206 mutant embryos. The overall
shape of the spiracles is impaired in mutant embryos: the ﬁlzkörper appears shorter (i' and ii') and the distal-most part (area between arrowheads in ii') has an irregular
arrangement. Arrows point at the region where trachea and spiracle meet. Asterisks in ii and ii' mark the malphigian tubules. (B) Antibody staining of stage 16 embryos for
the transcription factor Cut (red) and the membrane marker DE-Cadherin (green). In WT spiracles, the Cutþ nuclei surround the spiracular chamber lumen. In Df235
homozygous mutants the Cutþ cells fail to arrange properly and they are mostly located on the inner side of the spiracular chamber lumen. The same phenotype is observed
with all different Btk29A alleles. In blue, the tracheal lumen. Arrows indicate the point where the trachea and spiracle meet. [Scalebar: 30 μm]. (C) Stills of movies showing
the posterior region of WT and Btk29AEP mutant embryos expressing DE-Cadherin-GFP. The embryos were monitored from middle stage 12 (8 h 30 min after egg laying) till
stage 13 (for approximately 2 h). At stage 12, the WT spiracular chamber cells undergo apical constriction and invaginate in a temporally and spatially controlled manner. The
cells that are adjacent to the trachea are the ﬁrst to invaginate and the more distal cells follow. In WT the invagination process was completed 70 min after the beginning of
the imaging. In the Btk29A mutant, the process is impaired, as the more distal cells do not complete invagination even after 120 min from the beginning of the imaging. A
higher magniﬁcation of the spiracular chamber area is shown for each still (area marked with dashed lines in the stills). Dotted lines in higher magniﬁcation panels outline
the spiracular chamber cells undergoing apical constriction (stronger DE-Cad expression). Each still is accompanied by a schematic drawing of the posterior half of the
embryo showing the position and shape of the invaginating spiracular chamber (corresponding to the strong DE-Cad expression on the embryo surface) [Scalebar: 30 μm].
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Fig. 2. Btk29A is highly expressed by the posterior spiracle cells. (A) In situ hybridization and antibody staining for Btk29A shows that the kinase is highly expressed by the cells of the
posterior spiracle from stage 11 till the end of embryogenesis (stages 11 and 13 shown here, i–ii'). Btk29A (green) is expressed at very high levels by the cells of the spiracular chamber
(Cutþ , red) compared to the lower levels of expression in the stigmatophore cells (Salþ , blue) throughout posterior spiracle morphogenesis (iii–iv'). [Scalebar: 100 µm for panels Ai’‐ii’
and 20 µm for panels Aiii‐iv’]. (B) The spiracular chamber cells express Cut and can be divided into three different subgroups: the distal most cells “Cutþ , ems-Gal4-“ (Cut in red); and
the deeper cells “Cutþ , ems-GAL4þ” (ems-Gal4 in blue) (i–i″), of which some are grhD4þ (anti-betaGal, blue) and some grhD4- (Maurel-Zaffran et al., 2010). We analyzed Btk29A
(green) expression in the above three subgroups. Btk29A is expressed at high levels by all the spiracular chamber cells (all Cutþ cells: “Cutþems-Gal4-“ and “Cutþ ems-Gal4þ”). The
distal most cells of the trachea are “Cut- ems-GAL4þ” and express lower levels of Btk29A (dashed lines deﬁne the border between trachea and spiracle) (i–i″). All the grhD4þ cells
(subpopulation of the Cutþ) are expressing Btk29A at high levels (ii–ii″). [Scalebar: 20 μm]. (C) Subcellular localization of Btk29A. Btk29A (green) is localized at the cell periphery, and
mostly at the apical side of epithelial cells: apical to the Septate Junction region (Coracle, blue), colocalizing with DE-Cadherin (i, red) and Crumbs (ii, red); SpCh (blue) is ems-
GAL44GFP [Scalebar: 20 μm].
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Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.09.019.
Btk29A has been shown to inﬂuence the balance between
monomeric and ﬁlamentous actin during invagination of the
salivary gland primordia (Chandrasekaran and Beckendorf, 2005).
We therefore examined the apical acto-myosin cytoskeleton in the
spiracular chamber cells of Btk29mutant and control embryos. First,
we looked at the distribution of actin-RFP and monitored ﬁlamen-
tous actin accumulation by phalloidin staining; we could not detect
any difference between mutant and control embryos (Fig. 4B and
data not shown). Second, we monitored the distribution of a GFP
fusion to the myosin light chain spaghetti-squash (sqh), a regulator
of the contractile acto-myosin cytoskeleton: we ﬁnd that sqh-GFP
localizes apically to the SJ marker Dlg in Btk29A embryos, as it does
in the controls (Fig. 4C).
Next, we examined whether the cell-shape changes that accom-
pany invagination, namely the acquisition of a bottle shape by cells
of the spiracular chamber, are also observed in our mutants. We
observed that spiracular chamber cells (marked by ems-GAL4
driven GFP expression) attain an elongated bottle-shape, which
does not appear to be different from controls. The cells that fail to
invaginate also elongate and become bottle-shaped, but remain
Fig. 3. Spiracular expression of Btk29A is modulated by AbdB. Stage 11 embryos stained for Cut (red), Btk29A (green) and Spalt (blue). (A) AbdB overexpression with the
69BGAL4 driver leads to the formation of ectopic spiracles marked by higher Btk29A expression. The ectopic spiracles express high levels of Btk29A in the Cutþ cells and
intermediate levels in the Salþ cells, similar to the WT posterior spiracles. [Scalebar: i–ii 100 μm and ii'–ii‴ 20 μm]. (B) AbdBM1 mutants lose the high levels of Btk29A
expression in the developing spiracles (compare i–ii), contrary to mutants for different transcription factors downstream of AbdB: Df(sal), grn7L, cut145, ems9H, grhB37 and trh1,
that do not lose Btk29A expression (iii–viii). [Scalebar: 20 μm].
Fig. 4. Phenotypic characterization of the spiracular chamber cells. (A) The polarity of the non-invaginating cells of the spiracular chamber (arrowhead) is not affected in
Btk29A homozygous mutant embryos: Coracle (red) and Cadherin (green) maintain their apico-lateral and apical position, respectively. These cells also acquire a bottle shape
comparable to that of the invaginated WT spiracular chamber cells. Dotted lines outline the periphery of single spiracular chamber cells. ems-GAL44GFP (blue) was used for
the identiﬁcation of the spiracular chamber cells. (B) Actin (red) accumulates at high levels at the apical side of the non-invaginating spiracular chamber cells in Btk29A
mutants (outlined by the dotted line in ii), colocalizing with the DE-Cadherin (green). Arrowhead indicates the meeting point of the trachea and spiracle. Cut (blue) marks
the cells of spiracular chamber. (C) Myosin II localization is not impaired in Btk29A mutants at stage 13 compared to WT, as observed by SqhGFP (Myosin II light regulatory
chain fused to GFP) localization relative to Dlg (red) (for the WT, see also Simões et al., 2006). The images are acquired in an xzy mode and the straight yellow lines mark the
Cutþ spiracular chamber cells (blue). One spiracle is visible in the view of the WT embryo, two spiracles in the mutant. (D) Rho1 activity is not affected in Btk29A mutant
embryos. The GFP sensor of the RhoGTPase activity (PKNG58AeGFP, green) accumulates at higher levels in the apical region of the bottle-shaped spiracular chamber cells,
marked by Cadherin (red), comparably in WT and mutant (group of 3–4 cells outlined by dotted lines). anti-Cut (blue) was used for the identiﬁcation of the spiracular
chamber cells. [Scalebar 15 μm].
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with their apical side on the surface of the epidermis, aligned with
that of surrounding epidermal cells, instead of lining the nascent
chamber lumen (Fig. 4A).
Modulation of Rho GTPase activity is crucial for spiracle
invagination (reviewed in Castelli-Gair Hombría et al., 2009; see
Introduction). The active form of the Rho guanidine exchange
factor RhoGEF2 is enriched in the apical portion of invagina-
ting spiracle cells and consequently an active Rho-reporter,
PKNG58AeGFP, can be seen accumulating apically in invaginating
cells (Simões et al., 2006). We monitored PKNG58AeGFP activity in
Btk29A mutant embryos and could not detect any difference
compared to the controls (Fig. 4D).
Finally we asked whether spiracle cells undergo endoreplica-
tion during morphogenesis and, if so, whether Btk29A function is
required for the correct timing of endoreplication relative to
invagination, as reported for salivary gland morphogenesis
(Chandrasekaran and Beckendorf, 2005). We stained embryos
with antibodies for Cyclin E (a marker of G1/S phase). We could
not detect Cyclin E-positive cells in posterior spiracles from stage
11–stage 15 (Supplementary Fig. S3), suggesting that there is no
signiﬁcant endoreplication at the time of invagination (Smith and
Orr-Weaver, 1991).
These results show that processes other than apical constric-
tion and cell shape changes go astray in Btk29A mutant spiracles.
They also raise the possibility that loss of Btk29A function in cells
other than the spiracular chamber might interfere, in a non-cell
autonomous manner, with the invagination of the ﬁlzkörper
producing cells.
Btk29A is required non cell-autonomously in the stigmatophore for
proper invagination of the spiracular chamber
In order to deﬁne the spatial requirements for Btk29A function
with regards to proper invagination of the spiracular chamber, we
tested whether we could rescue the Btk29A phenotype by driving
expression of the Btk29 isoform in different populations of cells,
using different GAL4 drivers (Supplementary Fig. S4B). If the
kinase were required cell autonomously in the invaginating cells,
we would expect a phenotypic rescue by restoring Btk29A expres-
sion in the spiracular chamber. Alternatively, Btk29A might be
required in other tissues whose growth, morphogenesis or signal-
ing activities could impinge on spiracular chamber invagination:
for example in the adjacent tracheae or in the stigmatophore.
First, we established that we can rescue the defective spiracles
of Btk29A homozygous mutant embryos when the kinase is
expressed in all ectodermal cells, using the 69B-GAL4 driver
(Supplementary Fig. S4). We can similarly rescue spiracle mor-
phogenesis with AbdominalB-GAL4 (AbdB-GAL4), driving expres-
sion in the cells of abdominal segments A8–A11. These results
tentatively map the requirements for Btk29A to the ectodermal
derivatives of posterior segments.
We next attempted rescue using the ems-GAL4 driver, that
drives expression of Btk29A in most cells of the spiracular
chamber but not in the stigmatophore (Figs. 2B, 5A and Supple-
mentary Figs. S4 and S5A; see also Hu and Castelli-Gair, 1999;
Maurel-Zaffran et al., 2010). We fail to rescue spiracle morphogen-
esis (Fig. 5A). Similarly, we fail to rescue using breathless-GAL4
(btl-GAL4), expressed in all tracheal cells (Shiga et al., 1996)
(Supplementary Fig. S4). Strikingly, the overall shape and size of
the spiracular lumen and the invagination of Cut-positive cells of
the spiracular chamber are largely rescued by Btk29A expression
through the sal-GAL4 driver (Figs. 5–7 and Supplementary Fig. S4).
In the spiracles, sal-GAL4 is expressed in the cells of the stigma-
tophore, but only in very few cells of the spiracular chamber
(Supplementary Fig. S6 and see below; expression of sal-GAL in
other embryonic tissues is reported in Kuhnlein and Schuh, 1996).
In the sal-GAL4 rescue, all the constricted apical cell membranes of
the spiracular chamber cells line the lumen of the spiracular
chamber, as in wild-type embryos; they can no longer be seen
abutting the epidermis around the spiracular opening (Fig. 5A,
compare iii–i and ii). Length, cuticular lining and area of the lumen
are rescued (Figs. 5B and C and 7B). Thus, the Btk29A phenotype in
the spiracles can be rescued by restoring expression of the kinase
in the stigmatophore cells (with sal-GAL4), but not by expression
in the spiracular chamber or tracheal cells (with ems-GAL4 and
btl-GAL4, respectively).
sal-GAL4 is considered a stigmatophore-speciﬁc driver, not
expressed in the spiracular chamber (Castelli-Gair Hombría et al.,
2009). We noticed though very few distal Cut-positive spiracular
chamber cells that also co-express, at low levels, sal-GAL4
(CutþGFPþ cells in Supplementary Fig. S6) and Spalt. In addition,
it should be noted that, as mentioned above, ems-GAL4 is not
expressed in 100% of cells in the spiracular chamber: it is absent
from the most distal Cut-positive cells, among which the future
spiracular hairs (Fig. 2B; Maurel-Zaffran et al., 2010 – Fig. 1).
Together these observations could lend support to an alternative
interpretation of our rescue experiments: Btk29A expression in a
few distal spiracular chamber cells is required and sufﬁcient for
spiracle invagination.
One further rescue experiment refutes this scenario. engrailed-
GAL4 (en-GAL4) is expressed in a subset of Spalt-positive cells in
the stigmatophore (Supplementary Fig. S7) (Hu and Castelli-Gair,
1999). Importantly, en-GAL4 is also expressed in very few cells of
the distal spiracular chamber that express Cut and low levels of
Spalt, as sal-GAL4 is (compare Supplementary Figs. S6 and S7). en-
GAL4 driven expression of transgenic Btk29A failed to rescue the
spiracular phenotype of Btk29A mutants (Supplementary Figs. 4
and Fig. 7B). This observation argues against the hypothesis that
the recovery in the invagination of the spiracular chamber
observed in sal-GAL4 rescued embryos is primarily due to the
cell-autonomous function of Btk29A in those few distal Cutþ/mild
Spaltþ chamber cells.
Collectively these results argue that normal invagination of
spiracular chamber cells is primarily dependent on Btk29A expres-
sion in the adjacent non-invaginating stigmatophore cells.
Defective cell rearrangements during morphogenesis of the
stigmatophore in Btk29A mutants
These results prompted us to search for defects in the devel-
oping stigmatophore in Btk29A mutants. We deployed antibody
staining and imaging of live mutant embryos to follow Spalt-
positive stigmatophore cells. These cells are initially speciﬁed
next to Cut-expressing cells in the early spiracle primordium
downstream of the homeotic gene AbdB. By the end of spiracle
morphogenesis, Spalt-positive cells have rearranged to surround
the stigma (Fig. 6Ai; reviewed by Castelli-Gair Hombría et al.,
2009). In Btk29A mutants, Spalt-positive cells only partially sur-
round the defective spiracle opening and appear to accumulate
medial to it (Fig. 6Aii). In sal-GAL4/UAS-Btk29A rescued embryos,
the positioning of the Spalt-expressing cells is signiﬁcantly
restored to wild type arrangement (Fig. 6Aiii).
Grain is a GATA transcription factor (the ortholog of the closely
related GATA2/3 factors of vertebrates) expressed, among other
tissues, in the stigmatophore and spiracular chamber (Brown and
Castelli-Gair Hombria, 2000; Supplementary Fig. S5B); in grain
mutants planar cell rearrangements are defective during stigma-
tophore morphogenesis (Brown and Castelli-Gair Hombria, 2000)
and the spiracular lumen is also abnormal (Fig. 5B and C and
Supplementary Fig. S2C). Live imaging of Btk29A mutant stigma-
tophore cells expressing E-Cadherin-GFP shows morphogenetic
defects reminiscent of those reported for grain, though milder.
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Speciﬁcally, the characteristic cell rearrangements (convergent
extension) leading to the elongation of the stigmatophore are
greatly affected in Btk29A mutants (Movies 3 and 4; Fig. 7).
Importantly, sal-GAL4 driven rescue experiments restore not only
such rearrangements but also the invagination of the spiracular
chamber (Fig. 7C; movie 5). In conclusion, antibody staining, live
imaging and tissue speciﬁc rescue experiments with different
GAL4 drivers show that Btk29A is required cell-autonomously in
Fig. 5. Rescue of posterior spiracle morphology. DE-Cad (green), Btk29A (red). (A) The length of the spiracular lumen is shorter in Btk29A206 homozygous mutant embryos
compared to the heterozygous ones (i and ii). The phenotype is rescued when we use sal-GAL4 driver to express Btk29A–C (Short Isoform protein) in stigmatophore cells of
Btk29A206 mutant embryos (iii), but not when we use the ems-GAL4 driver which is speciﬁc for spiracular chamber cells (iv). Arrowheads indicate the meeting point of the
trachea and spiracle. [Scalebar: 20 μm]. (B) Cuticle is deposited inside the lumen of the spiracular chamber of WT embryos at the end of embryogenesis, forming the
ﬁlzkörper (i). In Btk29A mutants the cuticle is still secreted on the apical surface of the non invaginated cells, forming an elaborated cuticular layer on the epidermal surface;
the overall shape of the spiracular chamber is abnormal (ii). When we express Btk29A in the stigmatophore with the sal-GAL4 driver (iii) the ﬁlzkörper (shape and cuticle) is
similar to WT (i). Btk29A expression in the spiracular chamber with ems-GAL4 does not rescue the mutant phenotype (iv, similar to ii). Filzkörper outlined with dotted lines.
[Scalebar: 20 μm]. (C) Quantiﬁcation of spiracular lumen length (outlined with dashed line in the ﬁgure on the right; DE-Cad in green) in WT, Btk29A mutants and rescued
embryos expressing the short isoform Btk29A in all (sal-GAL4) or some of the stigmatophore cells (en-GAL4). The luminal length is signiﬁcantly reduced in Btk29A mutants
(Po0.0001), gets back to normal length with Btk29A–C expression driven by sal-GAL4, but not with en-GAL4.
G. Tsikala et al. / Developmental Biology 396 (2014) 42–56 51
stigmatophore cells to execute their program of planar cell
rearrangements.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2014.09.019.
Discussion
We have shown that the gene encoding the Drosophila Tec
tyrosine kinase, Btk29A, is required for the morphogenesis and
maturation of the respiratory system. We report two defects: ﬁrst,
the incomplete invagination of the spiracular chamber, which is
shorter and with an abnormal shape; second, the failure to
complete airway maturation, that stops short of gas-ﬁlling. We
concentrate here on the former phenotype. The results of our
experiments suggest that defects in spiracle invagination of Btk29A
embryos do not stem from the loss of gene function in the tissue
where the phenotype is most apparent (the cells of the spiracular
chamber, whose invagination is impaired), but from its loss in
surrounding cells.
Coordination of invagination programs with other morphogenetic
events: defects in planar cells rearrangements of stigmatophore cells
disrupt invagination of the spiracular chamber
Invagination is one of the key morphogenetic events that
contribute to development. At the cellular level, several strategies
have evolved to initiate and carry out invagination, most notably
apical constriction coupled to cell-shape changes (Sawyer et al.,
2010; Schöck and Perrimon, 2002) and the recently described
repositioning of adhesion junctions along the lateral membrane of
epithelial cells (Wang et al., 2012). Additional cellular processes
can accompany apical constriction to ensure robust invagination
(Llimargas and Casanova, 2010). For example, during morphogen-
esis of tracheal placodes in the Drosophila embryo, cells at the
center of the placode round up and enter their last cell division,
just after all cells in the placode have started apical constriction
(other cells in the placode round up and divide later). Cells of the
tracheal epithelium are thought to be under tension at this time in
development; mitotic cell rounding could allow those cells to give
in and sink below the plane of the epidermis, thus triggering a
timely morphogenetic transition in all tracheal placodes (Kondo
and Hayashi, 2013). In the posterior spiracles of the fruitﬂy, apical
constriction and cell elongation clearly drive invagination of the
spiracular chamber, as reﬂected by the defects in chamber mor-
phogenesis observed in several mutants that affect these two
cellular processes (reviewed in Castelli-Gair Hombría et al., 2009).
We have now found evidence that the invagination of spira-
cular chamber cells is also inﬂuenced by the nearby stigmatophore
cells, which undergo convergent extension and rearrange in the
plane of the epithelium. This is supported by our rescue experi-
ments of Btk29A mutants, where invagination is incomplete.
We ﬁnd that restoring Btk29A expression in the spiracular cham-
ber cells with the ems-GAL4 driver does not rescue spiracle
invagination. Instead, driving Btk29A expression in the surroun-
ding non-invaginating cells of the developing stigmatophore,
using sal-GAL4, rescues that phenotype. Live imaging of wild type,
mutant and rescued embryos suggest that Btk29A is required cell
Fig. 6. Btk29A affects the positioning of posterior spiracle cells. (A) By stage 15, the Cutþ (red) cells of the spiracular chamber have acquired their ﬁnal position, forming a
pear-shaped spiracular chamber (i″ and outlined in yellow in i), while the Salþ (green) cells have rearranged, enwrapping the Cutþ cells and forming the protruding
stigmatophore (i' and outlined in white in i). In Btk29A mutants, the positioning of the posterior spiracle cells is affected, with both the Cutþ and Salþ nuclei preferentially
localized at the medial side of the spiracle. This leads to a shorter and thicker spiracular chamber (ii″ and outlined in yellow in ii) and an increase in the area occupied by the
stigmatophore cells (ii' and outlined in white in ii) compared to WT (i' and outlined in white in i). The arrangement of the spiracle cells is highly restored in homozygous
mutants expressing Btk29A in Salþ cells (iii–iii″). [Scalebar: 20 μm]. B: In grn7L homozygous mutants, both Cutþ (red) and Salþ (green) cells show a severely deranged
arrangement. [Scalebar: 20 μm]. (C) The lumen of the spiracular chamber of grn7L homozygous mutant embryos is shorter compared to the WT (e.g. Fig. 5Ai). Arrowheads
indicate the meeting point of the trachea and spiracle. DE-Cad (green) and Btk29A (red) [Scalebar: 20 μm].
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Fig. 7. Abnormal stigmatophore cell rearrangements in Btk29Amutants. Live imaging of sal-GAL4, UAS-GFP.NLS in various genetic backgrounds. (A) In WT embryos (Ai–Avi),
stigmatophore cells rearrange their positions in the plane of the epidermis, starting at stage 11 (beginning of posterior spiracle morphogenesis) and reaching their ﬁnal
position at the end of embryogenesis. These rearrangements (convergent extension) lead to the apparent restriction of the area occupied by the unmarked (GFP-negative)
spiracular chamber cells (outlined in yellow) and the increase of the width of the stigmatophore (Brown and Castelli-Gair Hombria, 2000). In Btk29A homozygous mutants
(Bi–Bvi) the stigmatophore cells do not perform such cell rearrangements so they fail to properly shape the stigmatophore. Additionally, the black area of the unmarked
spiracular chamber cells never reaches the narrow asterisk like shape seen in stage 16 WT embryos (Avi). In Btk29A homozygous mutants that express Btk29A in the
stigmatophore cells under control of sal-GAL4 (Ci–Cvi), the GFPþ cells are rearranging their positions and come in closer proximity to each other. The area of the spiracular
chamber is becoming narrow like in WT and in some cases even more (Civ–Cvi). ubiCadherinGFP was recombined with Btk29A206 and used for selection of homozygous
mutant embryos in B and C. In stage 13 (iii) the spiracular chamber cannot be visualized completely due to embryo movements at germ-band retraction. [Scalebar: 30 μm]
The movies from which the above stills were taken are available as Supplementary Material (Movies 3–5). (B) Quantiﬁcation of the spiracular chamber area (outlined with
dashed lines in the ﬁgure on the right) in WT, Btk29Amutants and embryos expressing Btk29A in all (sal-GAL4) or some of the stigmatophore cells (en-GAL4). The spiracular
area is signiﬁcantly wider in Btk29A mutants than in WT (Po0.0001). The size of the spiracular area is fully rescued in mutant embryos expressing Btk29A in all the
stigmatophore cells (with sal-GAL4). The spiracular area phenotype is only partially rescued in embryos expressing Btk29A in some of the stigmatophore cells (with en-
GAL4) (difference from WT Po0.0001, difference from Btk29A homozygous mutants P¼0.0413). Unpaired t test was used for the data analysis. (C) Physical interactions
among organ components drive posterior spiracle morphogenesis. Spiracle development relies on the concurrent movements of two different cell populations: Cutþ
spiracular chamber cells (reddish color) constrict apically and invaginate, while the surrounding Salþ stigmatophore cells (bluish color) perform convergent extension-like
movements and rearrange in the plane of the epidermis. In Btk29Amutants, the Cutþ cells constrict apically and elongate, but they fail to complete the invagination process.
Additionally, the morphogenetic movements of the Salþ cells are impaired. Driving expression of Btk29A in the stigmatophore cells rescues both morphogenetic events,
while expressing the kinase in the spiracular chamber does not rescue any of the two. This suggests that the execution of the Btk29A-dependent convergent extension
movements in the stigmatophore is required for the nearby chamber cells to complete their invagination.
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autonomously for the cell rearrangements that occur within the
stigmatophore, and non autonomously for complete invagination
of the nearby chamber cells.
Our data contrast with experimental results obtained in the
salivary glands of the ﬂy embryo, where Btk29A appears to control,
likely cell-autonomously, apical constriction and endoreplication in
the invaginating cells (Chandrasekaran and Beckendorf, 2005).
Do our rescue experiments represent a genuine non cell-
autonomous effect? sal-GAL4 and Spalt are expressed in several
tissues in the embryo (Kuhnlein and Schuh, 1996). In posterior
spiracles they mark cells of the stigmatophore (Castelli-Gair Hom-
bría et al., 2009; Hu and Castelli-Gair, 1999). Expression of sal-GAL4
is also detected in a few Cutþ cells located posteriorly/distally in the
spiracular chamber, abutting the Spaltþ stigmatophore cell popula-
tion (Supplementary Fig. 7); they show low levels of Spalt protein
expression and sal-GAL4 driven GFP, possibly as a result of the Spalt/
Cut mutual repression(Hu and Castelli-Gair, 1999). Could it be that
the sal-GAL4 mediated rescue comes about by restoring Btk29A
expression in these few cells? We do not favor this hypothesis based
on our results with the en-GAL4 line, which drives expression in the
same small subset of spiracular chamber cells (and in a subset of
Spalt-positive stigmatophore cells), but fails to rescue the invagina-
tion defects of Btk29A mutant spiracular chambers and the planar
rearrangement of stigmatophore cells. This result reinforces the
hypothesis that stigmatophore morphogenesis and complete cham-
ber invagination are coupled, and hints at a need for Btk29A in all
the intercalating cells of the stigmatophore.
Thus, we conclude that spiracle morphogenesis requires the
function of Btk29A cell-autonomously in the intercalating stigma-
tophore cells and non cell-autonomously in the spiracular cham-
ber for invagination to complete.
Are there other stigmatophore mutants that affect spiracular
chamber invagination non cell-autonomously? An older analysis of
mutants that affect posterior spiracle formation had come to the
conclusion that “the spiracular chamber, the stigmatophore, and the
trachea develop independently of each other” (Hu and Castelli-Gair,
1999). Phenotypes in both stigmatophores and spiracular chambers
were noted in mutants of spalt and grain, but the interdependence of
these phenotypes was not speciﬁcally addressed (Brown and
Castelli-Gair Hombria, 2000; Hu and Castelli-Gair, 1999). Similarly,
the likelihood of a reciprocal effect of chamber invagination on the
rearrangement of stigmatophore cells has been discussed, but
remains untested (Castelli-Gair Hombría et al., 2009; Lovegrove
et al., 2006).
Contribution of convergent extension to invagination in other systems
Davidson et al. (1995) proposed ﬁve models to account for the
primary invagination of the vegetal plate in the sea urchin: apical
constriction in the invaginating cells, cell tractoring of adjacent
cells towards the invagination point, cell contraction by a plur-
icellular circumferential microﬁlament bundle surrounding the
invagination area, cell contraction along the apicobasal axis in
the invaginating cells, differential swelling of the space overlaying
the vegetal plate following spatially regulated secretion of extra-
cellular matrix (ECM) components. Davidson et al.‘s cell tractoring
model is akin to what we envisage for our system. Their simula-
tions indicate that the movement/migration of cells towards the
vegetal pole would generate sufﬁcient compression on the vegetal
plate to cause buckling of the plate. Similar models had been
previously proposed to explain, at least in part, neurulation and
wound healing in amphibians (Jacobson and Gordon, 1976; Radice,
1980). Their model posits that the crawling cells pull themselves
via protrusions extended towards the center of the plate, which is
indeed observed in sea urchin cells. Cells appear to tractor in this
fashion during the convergent extension movements of Xenopus
mesodermal cells (Shih and Keller, 1992), but such cell protrusions
have not yet been described in the Drosophila stigmatophore. On
the other hand, in ﬂies and other systems, convergent extension/
intercalation movements have been linked to remodeling of
adhesion junctions (reviewed in Munjal and Lecuit, 2014; Wirtz-
Peitz and Zallen, 2009), which could generate equivalent compres-
sion onto nearby tissues in some contexts. The cell tractoring
model also requires the stiffness of the apical ECM to be higher
than that of the cell layer. Such parameters are yet unknown in our
system. An analysis of the cell biological basis of stigmatophore
morphogenesis coupled to modeling of the cell and tissue inter-
actions during spiracle morphogenesis will provide further clues
as to the similarities among mechanisms of invagination.
Cell autonomous functions of Btk29A
Given the strong expression of Btk29A mRNA and protein in the
spiracular chamber, we initially expected Btk29A to be required
cell-autonomously in chamber cells for spiracle invagination. We
could not detect any relevant cell polarity, cell shape and cytoske-
letal defects there. Rescue experiments with sal-GAL4 and ems-
GAL4 strengthened the view that the gene plays no dramatic cell-
autonomous role in spiracular chamber cells, even in late differ-
entiation (e.g. elaboration of the ﬁlzkörper, Fig. 5B and data not
shown).
In the stigmatophore, convergent extension is abnormal in
Btk29A mutants and we can rescue it with sal-GAL4 driven
expression of Btk29A. This cell repositioning also requires grain,
a gene encoding a GATA-transcription factor and itself a target of
the Zn-ﬁnger transcription factor Spalt. We propose that Btk29A is
required cell-autonomously for stigmatophore cell rearrange-
ments in parallel or downstream of grain. We could not detect
any defect in the accumulation and localization of polarity,
cytoskeleton and adhesion markers also analyzed in the spiracular
chamber (GT and MS, unpublished). We acknowledge the difﬁculty
to detect subtle defects in the rearranging stigmatophore cells.
Therefore, though we could pinpoint the cellular basis of the
stigmatophore phenotype in Btk29A mutants to cell intercalation
defects, we have been as yet unable to identify its molecular basis.
Conclusion and perspectives
Altogether our data unveil an important interaction between
the morphogenetic processes occurring in the two adjacent
epithelial primordia that make up the spiracles: proper cell
intercalation in the stigmatophore is required for the complete
invagination of the spiracular chamber. Of note, all cells of the
spiracular chamber undergo apical constriction in Btk29A mutants
as in the wild type. This shows that apical constriction per se is not
enough to ensure the invagination of all chamber cells in the
spiracle and that somehow the planar cell rearrangements of the
surrounding cells ensure that the spiracular chamber invagination
program is fully accomplished.
Now that such relationship has been uncovered, it will be
interesting to identify and measure the forces mediating this
interaction (Heller et al., 2014) and to reveal its cellular and
molecular mediators in this context. For example, planar cell
movements in the stigmatophore could exert, via the cell–cell
adhesion complexes and the apical actin-myosin networks of the
two ectodermal populations, mechanical forces that would assist
the invagination of the nearby chamber. Alternatively, the rear-
rangements of stigmatophore cells might induce a reorganization
of the extracellular matrix that would drive to completion the
invagination of the nearby spiracular chamber cells. Haigo and
Bilder (2011) showed that, in Drosophila ovaries, egg elongation is
coupled to and dependent on the circumferential rotation of the
G. Tsikala et al. / Developmental Biology 396 (2014) 42–5654
elongating follicle. Polarized tissue rotation generates planar
polarized CollagenIV-containing ﬁbrils that weave a molecular corset
to constrain follicle and egg shape (Bilder and Haigo, 2012). It remains
to be established whether the extracellular matrix, direct cell–cell
contact or other mechanisms play a role in the coordination of the
Btk29A-dependent morphogenetic processes that we describe here.
For the future, identifying phosphorylation targets of Btk29A in
the stigmatophore primordium should enable us to approach the
mechanisms of Btk29A's cell-autonomous function. Further live
imaging, quantitative analysis and modeling could provide entry
points to understand the molecular or biophysical basis of
Btk29A's non-autonomous functions and the interactions between
the two organ components during spiracle morphogenesis.
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